Introduction
The release of sulfur oxides from the combustion of fuels with high levels of sulfur compound has become one of the increasingly serious environmental problems, which is one of the main sources for acid rain, global warming effect and atmospheric pollution. Furthermore, the increasingly stringent environmental regulations are imposed to reduce the sulfur contents of fuels to very low levels around the world. Therefore, it remains a great challenge of effectively removing the sulfur compounds from headstream and it has become a necessary step in the oil processing technology.
1−4
The present approach of removing the sulfur compounds from liquid fuels industrially is catalytic hydrodesulfurization (HDS). 5−7 The conventional HDS is efficient for the reduction of sulfur levels, but the major sulfur-containing components in liquid fuels are aromatic compounds such as thiophene, benzothiophene, dibenzothiophene (DBT) and their derivatives, 8, 9 which are less reactive to the HDS process. Moreover, the conventional HDS process always suffers from some drawbacks such as high cost of the catalysts and increased energy and hydrogen consumptions. Recently, some nonconventional desulfurization methods including oxidative desulfurization (ODS), 10−16 adsorptive desulfurization, 17−21 extractive desulfurization 7, 22−24 and biodesulfurization 25, 26 have therefore been developed to overcome the limitations of the conventional HDS approach. Of all these strategies available now, the adsorptive desulfurization, one of the promising desulfurization methods, has been widely investigated because of its simplicity, high efficiency and low energy consumption. Various adsorbents have been adopted or developed for removal of sulfur compounds, such as activated carbons (ACs) and their modified forms as well as carbon cloths, 27, 28 zeolites and their metal-loaded derivatives, 29, 30 transition metals supported on porous materials, adsorbents based on mesoporous silica, alumina and zirconia, and their metal-loaded derivatives.
31−33
One of the most important requirements for an efficient adsorption process is to form large interface. 34 Among numerous adsorbents, ACs are one of the most extensively studied materials because of their porous texture (large surface area and connected pore channel), as well as their low cost, non-toxicity, chemical inertness, and strong interaction. 35, 36 The commercial ACs usually possess a broad pore size distribution, including micropores, mesopores and macropores. However, the dominant micropores (< 2.0 nm) maybe obstruct the transfer of sulfur compounds in fuel oils with bigger molecular dimension onto the inner surface of these micropores, therefore limiting the efficient utility of large surface area of ACs. Mesoporous carbons with pore size of 2~10 nm as well as large surface area and pore volume are expected as ideal adsorbents for large organic molecules. Recently, ordered mesoporous carbon of CMK-5 with bimodal pore structure was studied for the adsorption of DBT, which exhibited much larger adsorption capacity than that of CMK-3.
37
In general, the adsorption process of adsorbates onto solid porous adsorbents involves three steps: adsorbates transferring to the boundary layer of solution surrounding the adsorbent particles, adsorption of adsorbates on the surface, and diffusion of adsorbate molecules to active sites by a pore diffusion process. 38 For bulky porous solid, the pore diffusion is the rate-determining step. The hierarchically porous structures, such as macro-/mesoporous nanospheres, have short intraparticle diffusion path, which is hopeful to enhance the adsorption rate. Very recently, we synthesized a kind of porous carbon nanosphere (PCNS) 39 with large surface area (~3000 m 2 g −1 ) and tunable porous structure from micropores to mesopores, which exhibited excellent adsorption capacities for bulky dye molecules, as well as high adsorption rate and reusability. In present work, this novel PCNS material was adopted as an efficient adsorbent for the adsorption of dibenzothiophene (DBT), which is a typical sulfur compound in fuel oils. The factors including porous structure of PCNS, adsorbent dose, contact time and temperature on the adsorption efficiency have been studied. In addition, the adsorption model was evaluated by fitting the equilibrium data to various isotherm equations, and the adsorption kinetics was investigated by pseudo-first-order, pseudo-second-order and intraparticle diffusion models. We also examined the regeneration ability and reuse of the recycled adsorbents.
Experimental

Materials
The synthesis of PCNS was performed according to the published procedures. 39, 40 In a typical experiment, 6 g of glucose was dissolved in 40 mL of water to form a clear solution, and then the solution was transferred to a Teflon-sealed autoclave and maintained at 180 ˚C for 10 h. The obtained CNS was collected by filtration, washed with distilled water repeatedly and dried at 100 ˚C overnight. The dried CNS materials were impregnated with ZnCl 2 solution in various concentrations, and then the mixtures were overnight dried at 120 ˚C to form ZnCl 2 -impregnated CNS materials, followed by heating in N 2 atmosphere at 400 ˚C for 2 h. Then, the activated samples were washed with 0.5 M HCl solution and distilled water thoroughly. Finally, the materials were dried at 100 ˚C for 24 h, which were named as PCNS-x (x = 1, 2, 4 and 6, respectively referring to the mass ratio ZnCl 2 /CNS of 1 : 1, 2 : 1, 4 : 1 and 6 : 1).
Structural characterization
Nitrogen sorption isotherms were performed at −196 ˚C on a micromeritics ASAP 2020 analyzer. Before measurement, the materials were degassed for 3 h at 200 ˚C under vacuum. The specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) method and the micropore volume and mesopore volume were calculated by using the t-plot method and Barett-Joyner-Halenda (BJH) formula, respectively. The pore size distributions were calculated by using the density functional theory (DFT) method. The morphology of the synthesized sample was observed using a JEOL JEM-2100 transmission electron microscope (TEM). Fourier transform infrared (FTIR) spectra were recorded on a Nicolet Avatar 370 spectrophotometer using the standard KBr disk method. A UV-Vis spectrophotometer (Shimadzu 2450) was used for determining the amount of DBT adsorbed by the adsorbents and recording the spectra.
Adsorption of DBT on PCNS
A DBT solution (1000 mg L −1 ) in n-hexane was prepared and used for adsorption studies. The adsorption procedure for DBT by PCNS was performed by adding 20 mg of the adsorbent into 50 mL of 1000 mg L −1 DBT in n-hexane under stirring at 25 ˚C for 60 min. Then, the adsorbent was separated from the solution by centrifugation and the upper solution was subjected to a UV-Vis spectrophotometer in the range of 190~500 nm. The 
Results and discussion
Structural characterization of PCNS
The hydrothermally synthesized CNS from glucose is incompletely carbonized and possesses abundant oxygen-containing and hydrogen-containing functional groups. As a dehydrating agent, ZnCl 2 can stoichiometrically extract hydrogen and oxygen atoms as water molecules from CNS when heating their mixture, 41, 42 therefore resulting in enhanced porosity for the activated samples. Furthermore, the removal of ZnO nanoparticles by acid washing also can contribute to additional porosity in internal structures. Figure 1a shows the N 2 adsorption-desorption isotherms of PCNS materials activated by ZnCl 2 with a ZnCl 2 /CNS mass ratio from 1 : 1 to 6 : 1 at 400 ˚C. It can be obviously seen that the porous property of PCNS is strongly dependent on the ZnCl 2 /CNS mass ratios. The isotherm of PCNS-1 can be assigned to the type I isotherm according to the IUPAC classification. With increasing the ZnCl 2 /CNS mass ratio, the isotherms gradually evolve from type I to IV, which is a unique property of mesoporous solids. The pore size distribution ( Figure  1b ) further demonstrates such evolution of pore structure. The pore diameter of PCNS-1 is in the range of micropore, while two types of pore diameters in the range of both micropores and mesopores can been observed in PCNS-2. Further increase in the ZnCl 2 /CNS mass ratio makes mesopores become dominant in PCNS-4 and PCNS-6. The specific surface area, pore volume and pore size of PCNS samples are listed in Table 1 . All of samples have large surface areas and pore volumes after ZnCl 2 chemical activation. The surface area of PCNS-1 is mainly derived from micropore surface area due to the incomplete activation. With enhancing the ZnCl 2 /CNS mass ratio to 2 : 1, more micropores in the activated samples were produced, some of which were broadened to mesopores. Thus, it caused an increasing of mesopore surface area. For PCNS-4 and PCNS-6, the total surface areas are completely ascribed to mesopores. PCNS-4 has the largest surface area of ~3000 m 2 g −1 larger than that of PCNS-6, possibly due to much bigger pore sizes of PCNS-6. In order to reveal the morphology and structure of the activated materials, the transmission electron microscope observation was applied (Figure 2 ). From the TEM image, we can find that PCNS-4 has a spherical morphology with a uniform diameter of 200~300 nm, which are similar to those of carbon spheres prepared by hydrothermal treatment of glucose. 39 This result indicates that the activation process could not influence the spherical morphology of CNS. Furthermore, we can directly observe the pores from the enlarged TEM image of a single PCNS particle (the inset of Figure 2 ). To reveal the effects of pore structure of PCNS on adsorption capacity, a series of parallel experiments were carried out to compare the adsorption capacity of different PCNS-x for the adsorption removal of DBT. As shown in Figure 3 , the adsorption capacity is shown as a following order: PCNS-4 > PCNS-6 > PCNS-2 > PCNS-1, which suggests that the adsorption capacity of PCNS materials is strongly related to their pore structures. The calculated length of DBT molecule is about ~0.92 nm. Thus, DBT molecules cannot insert micropores with smaller pore size than its molecular size. The PCNS material activated with a ZnCl 2 /CNS mass ratio of 4:1 having mesoporous channels and the largest surface area, undoubtedly exhibits the most excellent performance for the adsorption of DBT. Based on the results, PCNS-4 was chosen as the model adsorbent to further investigate the adsorption behavior of DBT on PCNS. (Figure 4) . A decrease of adsorption capacity at equilibrium with the increase of adsorption temperature can be observed, indicating that the adsorption process is exothermic in nature, which is in accordance with the adsorption of DBT on other carbonaceous adsorbents. 37 Actually, the decrease of q e from 10 to 40 ˚C is in a small degree, and this demonstrates that temperature is not a very important parameter for the adsorption of DBT on PCNS in this range. The following adsorption studies were further performed at room temperature considering technical simplicity. The effect of adsorbent dosage on the adsorption capacity at equilibrium was investigated by adding different weights of adsorbent into 50 mL of 1000 mg L −1 DBT under vigorously stirring for 60 min at room temperature. As we can see from the The effect of contact time on the adsorption capacity of DBT on PCNS was studied in the range of 5~60 min using the optimum adsorbent concentration of 0.4 g L −1 (Figure 6 ). In the initial stage of adsorption, PCNS exhibited an extremely high adsorption rate. Its adsorption capacity increased to 77 mg g −1 at the adsorption time of 10 min, which should be attributed to the large amount of mesoporous channels and adsorption active sites in PCNS. In the stage of 10~35 min, the adsorption capacity gradually increases with a relatively low adsorption rate. This can be explained by transferring DBT molecules into the pore channels of the interior of PCNS that is far away from the outer surface. After 35 min, the adsorption seems to reach the equilibrium. To ensure the saturated adsorption of DBT on PCNS, a contact time of 60 min was chosen for the following adsorption experiments.
The effects of adsorption
Adsorption isotherms.
Adsorption isotherm, describing the relation between the equilibrium adsorption capacity and the adsorbate concentration remaining in the solution, is critical to understand the interaction of adsorbate and adsorbent. Figure 7a depicts the equilibrium isotherm of DBT on PCNS by stirring 20 mg PCNS in 50 mL DBT solution with various concentrations for 60 min at room temperature. It is obviously observed that the adsorbed DBT per unit mass of PCNS increases with the enhancement of initial DBT concentration, and then comes to a plateau value, which demonstrates the saturation of active sites on the porous surface of PCNS. This isotherm of DBT adsorbed on PCNS is the typical type I isotherm, so Langmuir ( Figure 7b ) and Freundlich (Figure 7c ) adsorption models were therefore used to fit the experimental adsorption data at equilibrium. The equilibrium expression of Langmuir isotherm model is shown as following: (Table 2) can be obtained from the slope and intercept of the linear plots, respectively. Obviously, the Langmuir isotherm shows a poor fit to the adsorption data with regression coefficients (R 2 ) of 0.634, demonstrating that Langmuir isotherm model cannot well explain the adsorption behavior of DBT on PCNS. The Freundich isotherm is expressed by an empirical model that describes heterogeneous adsorption and assumes that the adsorption energy decreases exponentially with surface coverage. 44 This isotherm is given as follows:
where K F (L g −1 ) and n are Freundich constants, indicative of adsorption capacity and adsorption intensity. Figure 7c shows the Freundich plots of lnq e versus lnC e for the adsorption data and the fitting results. As shown in Table 2 , the R 2 value is 0.961, indicating that the adsorption isotherms fitted better with the Freundlich model of DBT adsorbed on PCNS.
Adsorption kinetics.
Investigation of adsorption kinetics is important for deeply understanding the adsorption pathway and mechanism. For this purpose, three kinetic models were adopted for describing the adsorption process of DBT on PCNS, including pseudo-first-order, pseudo-second-order and intraparticle diffusion models.
The pseudo-first-order equation based on Lagergren equation is expressed as the following form: 45 ln(q e -q t ) = lnq e -k 1 × t where q e and q t are the adsorption capacities of DBT at equilibrium and a contact time of t, respectively. The k 1 (min −1 )
is the rate constant of adsorption. Figure 8a shows the plot of ln(q e -q t ) versus t, which was fitted by a straight line, giving a poor R 2 value. This indicates that the pseudo-first-order model cannot describe the adsorption process of DBT on PCNS.
The pseudo-sencond-order equation used to describe the chemisorptions by covalent force or ion exchanging can be represented as follows: 46 t/q t = 1/(k 2 × (q e )
2 ) -t/q e where k 2 is the pseudo-second order rate constant (g/mmol min). Figure 8b depicts the plot of t/q t versus t, giving a good linear relation. The R 2 value is higher than 0.98, suggesting the adsorption process of DBT on PCNS can be well explained by the pseudo-second order model. The calculated adsorption capacity at equilibrium is 124.69 mg g −1 (Table 3) , similar to that the experimental value in Figure 6 . The intraparticle diffusion model can be used to explore the adsorption behavior in different pore structure of adsorbents and confirm the rate-determining step in the whole adsorption process. The intraparticle diffusion equation of Weber-Morris is represented as the following form:
where k id is the intraparticle diffusion rate constant and c is the thickness of boundary layer. The plot of q t versus t 1/2 is shown in Figure 8c , and three steps can be observed. The fitted line does not pass the origin, indicating the intraparticle diffusion is the only rate-determining step. The first stage can be ascribed to the diffusion of DBT molecules to the external surface of PCNS or the boundary layer of solution. In the second stage of gradual adsorption, the intraparticle diffusion became rate limiting. This process can be regarded as the diffusion in mesopores. The third stage of creating the final equilibrium state can be explained by the adsorption in micropores.
The regeneration of adsorbent.
For the sake of industrial applications, the regeneration and subsequent recycling of the PCNS are of great importance. In this study, the removal of the sulfur compounds from the PCNS was performed by heating the adsorbent. After each adsorption test, the PCNS adsorbent was separated by centrifugation and then transferred into a tube furnace under heating at 350 ˚C for 2 h. Figure 9 compares the FTIR spectra of adsorbent before and after regeneration, as well as DBT and fresh PCNS adsorbent. In contrast with fresh PCNS, the adsorbent after adsorbing DBT exhibits an additional absorption peak at ~750 cm −1 , which is related to the absorption of adsorbed DBT. After regeneration, this absorption peak of DBT disappears in the spectrum of the regenerated adsorbent, indicating the complete desorption of DBT from PCNS. To estimate the adsorption performance of regenerated adsorbent, three successive adsorption experiments were performed ( Figure  10 ). The regenerated adsorbent gives an excellent reusability, 84.7% and 81.5% of the initial adsorption capacity were maintained in the second and third cycles, respectively. Therefore, PCNS materials are potential as a promising adsorbent for the removal of sulphur-containing compounds from liquid fuels.
Conclusions
A novel adsorbent, porous carbon nanospheres (PCNS) with large surface area and mesoporous structure prepared by the combination of traditional hydrothermal treatment and subsequent chemical activation with and an exothermic mechanism of adsorption process being confirmed. The results of adsorption isotherm study indicated that Freundlich model could represent the equilibrium adsorption data. The kinetic study demonstrated that the pseudo-second-order adsorption mechanism was predominant and that the rate of DBT adsorption process on PCNS-4 was controlled by three steps: surface adsorption of DBT, diffusion in mesopores and creation of equilibrium in micropores. Moreover, the spent adsorbent can be easily regenerated by heating and re-used for the absorption of DBT without evident loss of adsorption capacity. Overall, the results show that PCNS-4 is an efficient and promising adsorbent for removing DBT from liquid fuels. 
